Abstract El Nino Southern Oscillation (ENSO) has been linked to climate anomalies throughout the world. This paper presents an overview of global ENSO-streamflow teleconnection and identifies regions where the relationship may be exploited to forecast streamflow several months ahead. The teleconnection is investigated by fitting a first harmonic to 24-month El Nino streamflow composites from 581 catchments worldwide and the potential for forecasting is investigated by calculating the lag correlation between streamflow and two indicators of ENSO. The analyses indicate clear ENSO-streamflow teleconnections in many catchments, some of which are consistent across large geographical regions. Strong and regionally consistent ENSOstreamflow teleconnections are identified in Australia and New Zealand, South and Central America, and weaker signals are identified in some parts of Africa and North America. The results suggest that the ENSO-streamflow relationship and the serial correlation in streamflow can be used to successfully forecast streamflow. The streamflow forecasts can be used to help manage water resources, particularly in systems with high interannual variability in Australia, southern and drier parts of Africa and some areas of North America. 
INTRODUCTION
The El Nino-Southern Oscillation (ENSO) phenomenon is a natural part of the global climate system and results from the interactions between large-scale ocean and atmosOpen for discussion until 1 December 2002 pheric circulation processes in the equatorial Pacific and Indian Oceans. El Nino is generally used to describe warm sea surface temperature conditions in the tropicalsubtropical Pacific Ocean, while the Southern Oscillation is the see-saw of atmospheric pressure differences between the Australian-Indonesian region and the eastern tropical Pacific Ocean. The warm phase of ENSO is called El Nino and the cold phase is called La Nina.
El Nino-Southern Oscillation has been linked to climate anomalies throughout the world (see Philander, 1990; Glantz et al, 1991; Diaz & Markgraf 2000) . The teleconnection between ENSO and climate is the scientific basis of long-range weather forecasts provided by meteorological agencies in several countries. There have been numerous studies investigating the relationship between ENSO and rainfall. The most comprehensive of these are the studies of Ropelewski & Halpert (1986 , 1987 using data from over 2000 rainfall stations worldwide.
There is an increasing number of studies investigating the relationship between streamflow and ENSO, but practically all these concentrate on particular countries or regions. Nevertheless, a recent study by Dettinger et al. (2000) presents multiscale streamflow variability associated with ENSO based on the analyses of streamflow data from over 700 stations worldwide. It is likely that the streamflow-ENSO relationship is stronger than the rainfall-ENSO relationship because the variability in rainfall is enhanced in runoff and because streamflow integrates information spatially (see Chiew et al., 1998) . Seasonal forecasts of streamflow can benefit the management of water resources, in particular allowing decisions on water allocation for irrigation and environmental flows to be more realistically based (see Chiew et al., 1999) . This paper investigates the global ENSO-runoff teleconnections using data from 581 catchments. The harmonic analysis method used by Ropelewski & Halpert (1986) to analyse global rainfall data is used here to identify consistent ENSO-streamflow teleconnection across geographical regions and to quantify the strength of the teleconnection. The lag correlation between streamflow and indicators of ENSO and the serial correlation in streamflow are computed to provide a direct indication of the potential for forecasting streamflow several months ahead. The interannual variability in streamflow is also presented to put into context the usefulness of streamflow forecasts, as reliable forecasts are more useful to help manage a highly variable system compared to a system with low variability.
DATA

Streamflow data
The streamflow data were obtained from the global streamflow data set of McMahon et al. (1992) , with additional data added by Peel (1999) (mainly from the Global Runoff Data Centre data set, see http://www.bafe.de/grdc.htm). The data quality has been further checked and improved by Peel (1999) and efforts were taken to ensure that the data are for unregulated flow conditions. Monthly streamflow time series from 581 catchments are used for this study (see Fig. 1 ).
The length of data ranges from 20 to 100 years (median of 40 years, 50% of the data are between 30 and 55 years). The catchment area ranges between 50 and 100 000 km 2 (median of 1200 km 2 , 50% of the area are between 400 and 5000 km 2 ).
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The range of catchment area is chosen such that there is no bias in the strength of the ENSO-runoff teleconnection (represented by the amplitude of the first harmonic fit to the 24-month El Nino streamflow composite-see next section) vs area relationship and in the interannual variability vs area relationship, therefore allowing all the data to be considered and discussed collectively (see Figs 2 and 3). Australia (76 catchments) and New Zealand (24 catchments) are well represented in the streamflow data set used here. There is also a reasonably good coverage of Europe (134 catchments, mostly in western Europe and Scandinavia), Canada and the USA (143 catchments), Central America (25 catchments in Panama and Jamaica) and the southern parts of South America (83 catchments in the continent). There is a reasonable coverage of Africa (59 catchments), but the spatial representation of Asia is poor (37 catchments, almost all in Taiwan). 
ENSO data
Two indicators of ENSO are used: the Southern Oscillation Index (SOI), and the Multivariate ENSO Index (MEI).
The Troup SOI (Troup, 1965 ) is defined as ten times the standardized value of the Tahiti minus Darwin mean sea level pressure. The time series for each of the 12 months are considered separately in calculating the SOI (all January values considered as the one series, February values considered as another series, etc.). The SOI values used here are obtained from http://www.bom.gov.au/climate/current/soihtml.shtml (means and standard deviations over the period 1933-1992 are used to standardize the SOI values).
The MEI is based on six observed variables over the tropical Pacific Ocean: sea surface temperature, surface air temperature, sea level pressure, zonal component of surface wind, meridional component of surface wind and cloudiness (see Wolter, 1987;  and http://www.cdc.noaa.gov/~kew/MEI/mei.html). The MEI is computed separately for each of 12 sliding two months (Jan/Feb, Feb/Mar, etc.) . After spatially filtering the individual fields into clusters, the MEI is calculated as the first principal component of the six fields. In order to keep the MEI comparable, all values are standardized using the means and standard deviations over 1950-1993. The correlation between the SOI and MEI is relatively high, with the correlations between the monthly time series ranging between 0.7 and 0.85. The correlations are negative, with El Nino conditions associated with large negative SOI values and large positive MEI values.
TELECONNECTION BETWEEN ENSO AND STREAMFLOW
Harmonic analysis
The harmonic analysis method for identifying ENSO-streamflow teleconnection requires the definition of "El Nino" years, which are defined here as years when the 12-month (April-March) average SOI value is below -5. When there are consecutive years with SOI values below -5, only the first year is considered an El Nino year. Using this objective definition, there are 17 El Nino years between 1901 and 1999 (1905, 1911, 1914, 1919, 1925, 1940, 1946, 1953, 1957, 1965, 1969, 1972, 1977, 1982, 1986, 1991, and 1997) . These El Nino years are similar to those defined by other researchers (e.g. Rasmusson & Carpenter, 1982; Quinn et ah, 1987) . In the streamflow data used here, the number of El Nino years ranged between 5 and 16 (median of 7, with 50% of the data having 6-9 El Nino years).
In the analysis, a first harmonic is fitted to the 24-month El Nino composite of streamflow data (starting from July preceding the El Nino episode and continuing through June following the episode). The El Nino composite for each of the 24 months is calculated as the average of the lognormal percentiles of streamflow values on all the El Nino years. Figure 4 shows, as an example, the 24-month El Nino composite and the first harmonic fit for a catchment in southeast Australia. The time series for each of the 12 months is considered separately to remove seasonality. The lognormal percentiles are used to remove positive skewness in the frequency distribution of streamflow and to allow interpretation of El Nino-streamflow signal from catchments with records of different magnitudes. The months in the El Nino year are designated as (0) and the months preceding and following the El Nino year are designated as (-) and (+) respectively (see Fig. 4 ). The use of the first harmonic assumes that the fluctuations in the 24-month streamflow composite can be approximated by a single sine curve with one maximum and one minimum corresponding to the hypothesized El Nino forcing. The parameters of the first harmonic fit can be summarized as a vector, with the length of the vector describing the strength of the El Nino-streamflow teleconnection (amplitude of the maximum) and the direction indicating when the maximum signal occurs (see Fig. 4 ). As the harmonic fit identifies a complementary minimum signal, the opposite direction of the vector indicates when a minimum signal occurs. In the sign convention used here, a vector pointing to the south (phase shift of 0°) indicates a maximum signal in July(-), a vector pointing to the west (phase shift of 90°) indicates a maximum signal in January(O), a vector pointing to the north (phase shift of 180°) indicates a maximum signal in July(0) and a vector pointing to the east (phase shift of 270°) indicates a maximum signal in January(+) (see harmonic dial in Fig. 4 ). To meaningfully interpret the signal as following the El Nino episode, a vector with a phase shift of 180-360° is considered to indicate the maximum signal, and the opposite direction of a vector with a phase shift of 0-180° is considered to indicate a minimum signal. For example, a vector pointing to the northeast (phase shift of 225°) indicates that high streamflow percentiles peaking around October(O) may be associated with El Nino, and a vector pointing to the southwest (phase shift of 45°) indicates that low streamflow percentiles peaking around October(O) may be linked to El Nino.
Results
The results indicate clear El Nino-streamflow teleconnections in various parts of the world. The variance reduction test indicates that the first harmonic fits of data from many catchments account for a high proportion of the variance in the 24-month El Nino streamflow composite, and the Schuster's test of significance (Conrad & Pollak, 1950) indicates that the probabilities of the amplitudes of the first harmonics being obtained by chance are low in many of the data (not shown here). The results also suggest that the El Nino-streamflow teleconnections are generally stronger and more consistent across regions compared to the El Nino-rainfall teleconnections identified in the Ropelewski-Halpert (RH) analyses.
The vectors summarizing the first harmonic fits of the streamflow percentiles for the 581 catchments are shown in Fig. 5 . The strongest and regionally consistent El Nino-streamflow signals are observed in Australia, the Pacific coast of the southern parts of South America and Central America.
The vectors in Fig. 5 indicate that there is a strong association between low streamflow and El Nino in Australia and New Zealand, with the minimum signal in the 24-month El Nino streamflow composite occurring around October(O). The RH rainfall analyses show similar results, but with the minimum rainfall signal occurring one or two months earlier than the minimum streamflow signal because of the delay in the rainfall-runoff process. Chiew et al. (1998) and Mosley (2000) provide a more detailed analysis of the teleconnection between ENSO and rainfall and streamflow in Australia and New Zealand respectively.
In the Pacific Coast of the southern parts of South America, there is a strong association between high streamflow and El Nino. The maximum streamflow signal occurs around November(O) in the wet catchments in central and southern Chile and around January(+) in the drier catchments in northern Chile. The timing of the maximum signal in the wet catchments may be biased by the snowmelt in spring. East of the Andes, there is a weaker but regionally consistent signal of low streamflow associated with El Nino peaking around January(+). The RH rainfall analyses show an opposite El Nino-rainfall signal here. In northeastern South America, data from four catchments in Guyana show a consistent association between low streamflow around December(O) and El Nino. The RH rainfall analyses also showed a similar El Ninorainfall teleconnection across a larger region in northeastern South America, but with the minimum rainfall signal occurring about two months earlier than the minimum streamflow signal. Marengo (1995) and Marengo et al. (1998) provide a more detailed analysis of the teleconnection between ENSO and South American streamflow.
In Central America, data from 18 catchments in Panama exhibit a strong and consistent teleconnection between low streamflow around August(O) and El Nino. The RH rainfall analyses with fewer data showed a similar but much weaker El Ninorainfall teleconnection.
In North America, consistent El Nino-streamflow signals are observed in two regions: a medium strength association between El Nino and high streamflow around November(O) in the southern parts of Alberta and Saskatchewan in Canada, and a weak association between El Nino and high streamflow around February(+) in Florida, USA. The RH rainfall analyses also identified a similar El Nino-rainfall teleconnection across the Gulf of Mexico, but with the maximum rainfall signal occurring one month earlier than the maximum streamflow signal. Similar analyses by Kahya & Dracup (1993) and Piechota & Dracup (1996) , using streamflow data from more catchments across the USA, also identified a similar El Nino-streamflow teleconnection in the Gulf of Mexico. They also identified a weak to medium strength El Nino-streamflow teleconnection in four other regions, relating El Nino to low streamflow around September(O) in the northeast (some of the catchments here show an opposite signal), high streamflow around October(O) in north-central USA, high streamflow around March(+) in the southwest (three of four catchments here show a similar consistent signal), and low streamflow around August(+) in the Pacific northwest which is affected by snowmelt.
The harmonic analysis using limited data in Africa identified two regions, one in northern Africa (mainly data from Morocco) and the other in southeastern Africa (mainly data from Zimbabwe and Madagascar), with consistent medium strength El Nino-streamflow teleconnection. Both regions show an association between low streamflow around May(+) and El Nino. The RH rainfall analyses also showed similar El Nino-rainfall teleconnection in the two regions. An analyses using reconstructed South African streamflow data by Chiew et al. (1995) also showed an association between El Nino and low South African streamflow around May(+).
There is a reasonably large amount of streamflow data analysed for Europe but the harmonic analysis does not indicate any region with a consistent and strong El Ninostreamflow teleconnection. Asia is too poorly represented in the streamflow data set used here to make any useful conclusions.
LAG CORRELATION AND STREAMLOW FORECASTING
Lag correlation between streamflow and ENSO
The harmonic analysis identifies ENSO-streamflow teleconnection using only the composite streamflow data over the El Nino years. The lag correlation between streamflow and ENSO indicators is investigated here using the complete historical record. The lag correlation analysis is also carried out using the actual streamflow data rather than the lognormal percentiles of streamflow. The analysis indicates whether a strong ENSO-streamflow signal identified in the harmonic analysis translates to a high lag correlation that would enable streamflow to be forecast from indicators of ENSO.
The lag correlations of the linear regression between streamflow and SOI and between streamflow and MEI for the 581 catchments are presented in Figs 6 and 7 respectively, together with the strength of the El Nino-streamflow teleconnection indicated by the harmonic analysis. The correlations are for the three-month streamflow volume, centred on the month of the maximum/minimum phase in the harmonic analysis, TO the SOI or MEI value averaged over the previous three months. With 40 years of data (median record length in this data set), a lag correlation of about 0.3 is statistically significant at a = 0.05 and a lag correlation of about 0.4 is statistically significant at a = 0.01. The plots in Fig. 8 show typical lag correlations between streamflow and SOI for three catchments where there are significant ENSOstreamflow teleconnections. In catchments where the lag correlations are greater than 0.4, the average runoff resulting from warm El Nino conditions are generally greater than twice (or less than twice depending on the streamflow-ENSO association) the runoff resulting from cold La Nina episodes. Lag correlation between streamflow and SOI Fig. 6 Amplitude of the first harmonic in the 24-month El Nino streamflow composite (indicating the strength of the El Nino-streamflow teleconnection) plotted against lag correlation between streamflow and SOI.
It is likely that a nonlinear relationship can explain the data better, and further fitting of the data using common nonlinear regressions often led to significantly higher correlations. The correlation coefficient is also only one of many variables that describe the goodness of fit of the data, and for a more detailed analysis, other statistical terms should be considered. Nevertheless, the linear regression is used here because compared to other statistical methods, it provides a simple, direct and consistent measure for exploring the potential for forecasting streamflow several months ahead. It is also possible that for some regions, higher lag correlations can be obtained if streamflow is related to ENSO indicators that are more suitable for the regions (like sea surface temperature or atmospheric pressures closer to the regions) rather than the SOI or MEL 
Serial correlation in streamflow
The serial correlations in streamflow (total three-month runoff vs total runoff in the previous three months) are presented in Fig. 9 together with the lag correlations between streamflow and SOI for the same streamflow time series. This puts the usefulness of the ENSO indicators for forecasting into perspective because the serial correlation in streamflow for short lags is much higher in many catchments than the lag streamflow-ENSO correlation. In the data from the 581 catchments, 13% have streamflow serial correlations greater than 0.7, 38% have serial correlations greater than 0.5 and 62% have serial correlations greater than 0.3, compared to less than 1%, 8% and 32% having streamflow-ENSO lag correlations greater than 0.7, 0.5 and 0.3, respectively. In addition, unlike the streamflow-ENSO relationship, which may be strong only over specific seasons, the high serial correlation in streamflow extends over longer parts of the year. The persistence in streamflow results from the delayed response in the rainfallrunoff process due to soil and groundwater storage, giving streamflow a memory of conditions over several months. However, this "memory" in the streamflow data disappears relatively quickly and, over longer lags, ENSO indicators are likely to be better explanatory variables for forecasting streamflow.
Although there is a weak relationship between high ENSO-streamfiow correlation and high streamflow serial correlation (see plots for Australia and South America in Fig. 9 ), there are some catchments where the streamflow-ENSO correlations are significantly higher than the streamflow serial correlations. There are also many catchments where the streamflow-ENSO correlations and the streamflow serial correlations are similar, suggesting that both the ENSO indicators and streamflow data can be used together as explanatory variables to forecast streamflow for these catchments.
ENSO-streamflow teleconnection and lag correlation
The plots in Figs 6 and 7 indicate that catchments with strong El Nino-streamflow teleconnections identified in the harmonic analysis (indicated by the high amplitudes in the first harmonic fit) generally also have high lag correlations between streamflow and ENSO. Where low streamflow is associated with El Nino, streamflow is positively correlated to SOI and negatively correlated to MEI, and where high streamflow is associated with El Nino, streamflow is negatively correlated with SOI and positively correlated with MEI (see high correlations in Figs 6 and 7) .
The strongest El Nino-streamflow teleconnections identified in the harmonic analysis are in Australia, the Pacific coast of the southern parts of South America and Central America. In Australia and New Zealand, more than a quarter of the 100 catchments analysed have lag streamflow-SOI and streamflow-MEI correlations greater than 0.4 and more than half the catchments have lag correlations greater than 0.3 (see Figs 6 and 7). About 30% of the catchments with a streamflow-SOI correlation greater than 0.3 (statistically significant at a = 0.05) have a lag streamflow-SOI correlation that is significantly greater (more than 0.1) than the streamflow serial correlation.
In the Pacific coast of southern South America, about a quarter of the 38 catchments analysed have lag streamflow-SOI and streamflow-MEI correlations greater than 0.5, more than half have lag correlations greater than 0.4 and three-quarters have lag correlations greater than 0.3. Although 30% of the catchments with lag streamflow-SOI correlations greater than 0.3 have similar streamflow serial correlations, none of the catchments have lag correlations that are significantly greater than the streamflow serial correlations.
In northeastern South America, the lag streamflow-SOI and streamflow-MEI correlations in the four catchments in Guyana are all greater than 0.4 and similar to the streamflow serial correlations. In southeastern South America, although some of the catchments show medium strength El Nino-streamflow signal in the harmonic analysis, none of the catchments have statistically significant lag streamflow-ENSO correlations.
In central America, where strong El Nino-streamflow teleconnection is identified in the harmonic analysis, none of the 18 catchments in Panama have statistically significant lag streamflow-SOI correlation, but half of these catchments have lag streamflow-MEI correlations greater than 0.3. The streamflow serial correlations in these catchments are similar to the lag streamflow-MEI correlations.
Although regionally consistent El Nino-streamflow teleconnections are not clearly identified by the harmonic analysis for North America, some catchments show medium strength El Nino-streamflow teleconnections. More than 15% of the 143 catchments in North America have lag streamflow-SOI correlations greater than 0.3. The streamflow-MEI correlations in North (and Central) America are generally higher than the streamflow-SOI correlations, with lag streamflow-MEI correlations greater than 0.5, 0.4 and 0.3 observed at 6, 12 and 28% of the North American catchments, respectively.
In northern Africa, four of the five catchments in Morocco have lag streamflow-SOI and streamflow-MEI correlations greater than 0.4, two of which are significantly greater than the streamflow serial correlations. Elsewhere in Africa, the lag streamflow-ENSO correlations are generally low, even in southeastern Africa where consistent El Ninostreamflow signal is identified in the harmonic analysis. Excluding Morocco, only 7% of the catchments have statistically significant lag streamflow-SOI correlations (greater than 0.3). The correlations against MEI are slightly better, with lag streamflow-MEI correlations greater than 0.4 observed at 7% of the catchments and correlations greater than 0.3 observed at 11% of the catchments. Like the southeastern parts of South America, it is possible that using more suitable indicators here (relating to Atlantic or Indian Ocean circulations) may lead to better streamflow-ENSO correlations.
In Europe, where the harmonic analysis indicates weak to non-existent El Ninostreamflow teleconnection, statistically significant lag streamflow-SOI and streamflow-MEI correlations are observed at less than 10% of the 134 catchments analysed. Figure 10 provides an overview of the coefficient of variation of annual streamflow in the 581 catchments (coefficient of variation is the standard deviation divided by the mean annual streamflow). Although the interannual variability tends to be higher in catchments with low streamflow (cf. Fig. 1) , McMahon et al. (1992) and Peel et al. (1999) showed that even in similar climate zones, some parts of the world exhibit higher variability than others. For example, the interannual variability of Australian and South African rivers is about twice that of rivers elsewhere in the world (see also Fig. 10) .
STREAMFLOW VARIABILITY AND ENSO-STREAMFLOW TELECONNECTION
A strong ENSO-streamflow teleconnection in a catchment with high interannual variability is likely to be more useful than a strong ENSO-streamflow teleconnection in a catchment with low streamflow variability. This is because reliable streamflow forecasts can be used to help manage the water resources in a system with high variability, but may not provide much additional information in a system with little variability.
Figures 5 and 10 indicate that the strong ENSO-streamflow teleconnection can potentially be exploited to forecast streamflow to help manage water resources systems with high variability throughout most of Australia. Strong ENSO-streamflow teleconnections are also identified in the southern and northeastern parts of South America and Central America, but except for several dry catchments in northern Chile, the interannual variability of streamflow in most of the catchments is low.
In North America, although there are no geographical regions with a clear and consistent ENSO-streamflow signal, the statistically significant streamflow-MEI correlations may provide useful information to help manage some of the more variable rivers there. The interannual streamflow variability is high in southern Africa and the drier catchments in Africa, and the medium strength ENSO-streamflow teleconnection in northern and southeastern Africa may provide useful information to help manage the water resources there. The ENSO-streamflow signal in Europe is weak, but the interannual variability of European rivers is relatively low compared to elsewhere in the world.
SUMMARY AND CONCLUSIONS
This paper investigates the global ENSO-streamflow teleconnection and the potential for forecasting streamflow by fitting a first harmonic to 24-month El Nino streamflow composites from 581 catchments worldwide and calculating the lag correlations between streamflow and two indicators of ENSO. There are several limitations in the approach used. The harmonic analysis uses only streamflow data around El Nino years and assumes that a single sine curve can explain the fluctuation in the 24-month streamflow composite (a similar analysis can also be carried out using La Nina streamflow composites). The lag correlation analysis assumes a linear relationship between streamflow and ENSO. The analysis uses SOI and MEI as indicators of ENSO, and it is possible that other indicators may be more appropriate for certain parts of the world. Nevertheless, the objective of the study is to provide an overview of the global ENSO-streamflow relationship and identify where the relationship may be exploited to forecast streamflow several months in advance. To successfully forecast streamflow in regions with strong ENSO-streamflow teleconnections, a more detailed analysis of local data should be carried out.
The harmonic analysis indicates clear El Nino-streamflow teleconnections in many catchments, some of which are consistent across large geographical regions. Strong association between El Nino and streamflow is identified in Australia and New Zealand (low streamflow associated with El Nino), South America (high streamflow associated with El Nino in the Pacific Coast and low streamflow associated with El Nino in the northeast) and Central America (low streamflow associated with El Nino). Medium strength El Nino-streamflow teleconnection is identified in Africa (low streamflow in the north and southeast associated with El Nino) and parts of North America. There is little El Nino-streamflow signal in Europe, while in Asia, there are too few streamflow data in the data set analysed to make useful conclusions.
The results also indicate that a strong El Nino-streamflow teleconnection identified in the harmonic analysis generally translates to a high lag correlation between streamflow and indicators of ENSO (SOI and/or MEI). The relationship between streamflow and ENSO can be and is beginning to be exploited to forecast streamflow (see Chiew et al, 1999; Piechota et al., 2000; Sharma, 2000) . ENSO-based forecasts of streamflow can considerably benefit the management of water resources, particularly in systems with high interannual streamflow variability in Australia, southern and drier parts of Africa and some areas of North America. In deriving streamflow forecasts, the serial correlation in streamflow should also be considered as it is often higher than the lag correlation between streamflow and ENSO.
